The main limitation of post-combustion CO 2 capture technology is the high energy consumption leading to a power output loss of approximately 25% when coupled with CO 2 compression. Studies to break this limitation follow two main paths: formulation of new solvents and optimization of the process flowsheet. The purpose of this works is to assess the impact of the different flowsheet modifications and power plant integration on the plant performance. CO 2 capture amine plant has been integrated in a gross electrical 1200 MWe supercritical coal-fired power plant; a process optimization study coupled with economical and availability analysis has been performed for each studied case and compared to a reference case: standard amine capture process with 30%wt MEA. The capture plant increases the cost of a new power plant by approximately 70% and the electricity price by 45%. Process flowsheet optimization on the amine capture plant do no significantly increase the specific power plant cost (from 0 to 2%) with CO 2 capture, the additional expenditure are compensated with the plant efficiency gains. The cost of electricity is, also, almost not affected by the flowsheet optimization (from -2.5 to +1.5 %). The best tested configuration allows a reduction of 10% of the cost of avoided CO 2 . The addition of a capture plant increases by approximately 1.4%pt the risk of forced outage factor and therefore decreases the whole power plant availability by the same value. The effects of the availability decreases due to the capture plant on CO 2 and electricity prices are negligible. This work shows that these modifications alone are not sufficient to enable an economically feasible carbon capture on coal fired power plant despites a loss of efficiency of approximately 10%pt. The goal of less than 5% pt efficiency losses induced by post combustion carbon capture need a combination of new solvent and optimized process or a totally new breakthrough process.
Introduction
The main limitation of post-combustion CO 2 capture technology is the high energy consumption leading to a power output loss of approximately 25% when coupled with CO 2 compression. Studies to break this limitation follow two main paths: formulation of new solvents and optimization of the process flowsheet. This work focus es on fl owsheet optimization, which may allow significant energy consumption reduction (20% at least) on a short term basis. Numerous patents, publications and communications from academic and industrial worlds propose some fl owsheet modifications in order to upgrade the process or his energetic integration with steam cycle.
The purpose of this works is to assess the impact of the different flowsheet modifications and power plant integration on the plant performance and availability.
Methods and main hypothesis
The modelling tool used to estimate the plant performance is ASPEN Plus®, a well known process modelling software. The main component of the process, absorber and stripper were specifically modelled taking into account a rate based model with mass transfer and kinetics limitations. This type of model has been successfully validated on Esbjerg's pilot plant data, taken from the European project CASTOR, and then, extrapolated to an industrial scale CO 2 capture plant. The different case studies are compared to a reference case presenting a standard good performance in term of energy consumption. The solvent used for the study is MEA.
The reference capture process used is the standard one presented in figure 1. The solvent used is aqueous MEA at 30% mass concentration. The packing chosen have the same performance than Mellapack 250Y. Both absorber and stripper have 10 meters of packing bed. The economizer temperature pinch is 10°C. The minimum cooling temperature is 40°C. The power plant energy efficiency analysis has been performed with a supercritical power plant of gross electrical 1200 MWe, with re-superheating before the intermediate pressure turbine. This power plant was taken as reference. The study considers the retrofitting of such power plant. The required steam for the capture process is drawn off between the IP and LP turbines. Retrofitting thus requires drawing off steam in large quantities (up to 70% of the total power plant steam flow rate) and of excessive quality with respect to the quality required for the steam stripper boiler. This steam drawing off reduces the steam flowing through the turbine, degrades the efficiency of the LP turbine and leads to lower the pressure of the steam remaining in the cycle to maintain a constant volume fl ow rate in order to not disrupt too much the operation of the LP turbine (by adding a throttle valve before the LP turbine inlet, yielding a reduction in electricity generation. In this type of configuration, the steam drawn off between the IP and LP turbines has a pressure of 5.9 bars.
The reliability analysis has been performed with the CCPS method (CCPS, 1989) for all the main process equipment (with a special item for instrumentation, control, piping and valve). The standard availability of a coalfi red power plant is fixed at 92% in which 4.9% is due to forced outage. The maintenance of the CO 2 capture plant is considered to be performed during the planned shutdown of the power plant, therefore only the forced outage factor of the capture plant affects the whole CCS power plant. The CO 2 compression train is designed with a 3 x 50% redundancy design and induces only a 0.01% forced outage probability, which is included in the capture plant forced outage factor. All pumps and compressors have been also designed with a 3 x 50% redundancy.
The techno-economic evaluation of all these C O 2 capture plants have been performed with the Pre-Estime method (Chauvel et al., 2001) developed to roughly evaluate the cost of basic engineering projects. The uncertainty of such method is approximately 30%, nevertheless comparison between configurations costs can be performed. The sizing of main equipment have been done by the modeling software (ASPEN Plus®) and completed with the basic rules of the Perry's chemical engineering handbook (Perry & Green, 1997) . 30% of the equipment cost is added to take into account licenses, commissioning, civil works and contingencies. An actualization factor of 8% has been taken and the estimated lifetime of the power plant is set to 30 years.
Two reference cases have been studied: a power plant without any capture plant and a power plant with a standard capture plant with no special features. Six others simple configurations have been studied in order to quantify the effect of intercooling, improved plate economizer, stripper staged feed, stripper void operation, lean solvent vapor compression (LVC) and stripper overhead compression (SOC). Two more complex capture plants have been investigated:
process 1 with a stripper staged feed and an internal stripper compression train process 2 with an improved economizer, a stripper overhead compression and a lean solvent vapour compression with an optimized heat recuperation These two configurations have been chosen based on a process modifications interaction chart developed by extensive modeling studies of these systems (Le Moullec and Kanniche, 2010). Table 1 summarizes most of the studied interactions. As could be seen in Table 1 , options chosen for process 1 and 2 interact positively and therefore will be able to give a good representation of an expensive and high performance process for purpose of comparison with simpler process es.
Three other configurations have been studied: some cheap columns configurations with only half of the optimal packing height (with respect to reboiler duty). 
Results and discussion
Process simulation results of the studied cases are summarized in Table 2 . The optimum stripper pressure is the main optimization parameter. The optimum lean loading factor and therefore the liquid to gas fl ow rate ratio are tightly linked with stripper pressure. Moreover, the compression works and the quality of r eboiling steam are directly dependant of the stripper pressure. It appears that the process improvements can reduce the energy effi ci ency losses by 2%pt by reducing the CO 2 capture works from 393 to 333 kWh/t. Figure 3 pres ents the different contribution to CO 2 capture work for the base case and for the process 2 case. The parasitic load due to pressure bleeding is largely the main contributor for both processes with 70% for the reference process and 60% for process 2. The compression works represent less than 25% of the total for the reference process. This contribution is slightly reduced for the process 2 due to the highest auxiliary compression works needed. Results of efficiency, availability and economic analysis, for all cases, are summarized in Table 3 . The efficiency losses of the power plant are approximately 12%pt for the reference test case. Most of the process variation studied improved the power plant energetic performance. Intercooling and improved economizer have no significant impact. Void stripper, stripper staged feed; LVC and SOC allow 0.6 to 0.9%pt increase of efficiency. More complex configuration gives an efficiency gain of 3.1%pt (Figure 2 ). The capture plant increases the cost of a new power plant by approximately 70% and the electricity price by 45%. The different investigated cases do not change significantly these figures; the maximum gain on electricity price is 2.5%. Figure 4 gives the cost breakdown of the capture plant for the base case and the process 2 case. Absorber refers to the absorber columns with its internals and washing section, stripper refers to the stripping columns with its internals, washing section, boiler and condenser, connectivity refers to the economizer, the flue gas fan, additional compressor and flash drums, piping and valve, auxiliary turbine and compression train are self explicating. The amine plant represents approximately half of the total cost of the CO 2 capture plant whereas the compression train represents one third. The auxiliary turbine is also no negligible expenditure and its interest must be thoroughly evaluated. For the process 2 case, the amine plant represents nearly 75% of the total cost. The compression train is less costly because of the higher stripper condenser pressure and the auxiliary turbine is significantly reduced due to the smaller quantities of bled steam and the higher boiler operating pressure. The addition of a capture plant increases the risk of forced outage factor by approximately 1.4%pt and therefore decreases the whole power plant availability by the same value (Table 3 ). The effects of availability decreases due to the capture plant on avoided CO 2 and electricity prices are negligible, the maximum range of availability variation is 2 %pt and this variation affects theses prices by only 1%. Figure 5 shows the cost o f electricity breakdown for the reference capture case and the process 2 case. Fuel contributes to approximately 50% of the electricity price for the base case and the investment for 30%. In the process 2, the increase in CAPEX linked to the increase in efficiency induces a reduction of the fuel part (40%) and an increase of the investment part (40%). 
Conclusion
The capture plant increases the cost of power plant by approximately 70 % and the electricity price by 45 %. Process fl owsheet optimization on the amine capture plant do not significantly increase the specific power plant cost (from 0 to 2 %) with CO 2 capture, the additional expenditure are compensated with the plant efficiency gains. The cost of electricity is almost neither affected by the flowsheet optimization (from -2.5 to +1.5%). The best tested configuration allows a reduction of 10% of the cost of avoided CO 2 . The studied case with some slightly underdesigned columns shows that this kind of short terms cost saving (in absolute) have no sense since the efficiency losses are greater and the specific cost of the power plant raises, it is particularly true for the absorber.
The addition of a capture plant increases by approximately 1.4%pt the risk of forced outage factor and therefore decreases the whole power plant availability by the same value. The effects of the availability decreases due to the capture plant on CO 2 and electricity prices are negligible.
This work shows that these modifications alone are not sufficient to enable an economically feasible carbon capture on coal fired power plant despites a relatively low loss of efficiency of approximately 10%pt. The goal of less than 5%pt efficiency losses supposed to be induced by post combustion carbon capture needs a combination of new solvent and optimized process or a totally new breakthrough process. In the future the same study will be carried out for two other reference solvents: activated MDEA and activated AMP. 
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